Abstract
Methods and Procedures:
Nineteen boys (8.25 Ð 12.75 years) participated, including 10 children 23 with DCD (≤16th percentile on MABC-2; no ADHD/ASD), and nine typically developing controls 24 (≥25th percentile on MABC-2). 25
Outcomes and Results: Even though children with DCD displayed deficits behaviourally on 26 imitation (Sensory Integration & Praxis Test Subtests) and motor imagery assessments prior to 27
scanning, no differences in MNS activation were seen between the DCD and control groups at a 28 neurological level, with both groups activating mirror regions effectively across conditions. Small 29 clusters of decreased activation during imitation were identified in non-mirror regions in the DCD 30 group, including the thalamus, caudate, and posterior cingulate -regions involved in motor 31 planning and attentional processes. 32
Conclusions and Implications:
The results of this study do not provide support for the MNS 33 dysfunction theory as a possible causal mechanism for DCD. Further research to explore 34 attentional and motor planning processes and how they may interact at a network level may 35 enhance our understanding of this complex disorder. 36
Introduction 62
Learning via imitation and through the internal representation of movement is thought to be one 63 of our primary modalities of learning and consolidating new motor skills. The mirror neuron 64 system (MNS) is a fronto-parietal network of multimodal neurons in the central nervous system 65 that has an integrative role in these processes, firing when a person observes, imagines, executes, 66 and imitates actions (Decety, 1996; Iacoboni & Dapretto, 2006) . This network has recently been 67 hypothesised to contribute to the motor impairments that are characteristic of developmental 68 coordination disorder (DCD) (Licari et At a behavioural level, research exploring deficits in imitation and motor imagery performance 105 has been used as evidence to support the MNS dysfunction hypothesis of DCD (Reynolds, 106 Thornton, et al., 2015; Werner et al., 2012) . Imitation provides a foundation for skill learning via 107 observation and is an important mechanism from a young age (Arbib et al., 2000; Billard & Arbib, 108 2002 ). The use of motor imagery, on its own, and in conjunction with traditional motor execution 109 training, has repeatedly been shown to improve motor skill performance (Buccino et al., 2006) and 110 assist motor skill development and acquisition (Decety, 1996) . Imitation of learned, meaningful 111 skills (Dewey, 1993 linked to the MNS, using a range of tasks and resting state paradigms. The strongest initial 127 evidence for possible MNS dysfunction comes from a recent fMRI study conducted by Licari et 128 al. (2015) , who found that during the imitation of a finger sequence task, children with DCD had 129 decreased activation in the left IFG compared to controls. Hypothesised to possibly reflect MNS 130 dysfunction, a follow up study was undertaken to specifically explore MNS functioning during 131 observation, execution, and imitation of the same finger sequencing task (Reynolds, Licari, 132 Billington, et al., 2015). The control group was found to have significantly greater activation than 133 the DCD group during observation in the pars opercularis of the IFG, the precentral gyrus, middle 134 temporal gyrus, posterior cingulate, and precuneus (Reynolds, Licari, Billington, et al., 2015) . In 135 addition, an interaction effect between group and task condition was seen in the pars opercularis, 136 a key MNS region, with the DCD group showing a large deactivation in this region during 137 imitation compared to the other conditions (Reynolds, Licari, Billington, et al., 2015) . Although 138 suggested to provide preliminary evidence for MNS dysfunction, and children with DCD possibly 139 adopting different neural strategies while performing the different task conditions, the lack of 140 expected MNS signal increase from execution to imitation at a whole brain level was interpreted 141 as a potential learning effect, whereby the extent of activation of MNS regions was likely reduced, 142 which may have prevented group differences during execution and imitation from being identified. 143
144
Further research to explore hypothesised MNS dysfunction using simple target-directed finger 145 movements without practice prior to scanning to circumvent the possible effect of motor learning, 146
and to incorporate motor imagery into the fMRI task paradigm is required (Reynolds, Licari, 147 Billington, et al., 2015) . Therefore, the present study aimed to use fMRI to investigate whether a 148 
Participants 160
Thirty-one right-handed males, aged 8 to 13 years participated in this cross-sectional research 161 study. Of these participants, 12 (six DCD, six control) were subsequently excluded: three were 162 withdrawn prior to the completion of scanning due to movement (three DCD), six during the 163 analysis stage due to excessive movement (1 DCD; 3 control) and signal dropout (one DCD; one 164 control), and three due to neurological abnormalities (one DCD; two control; confirmed by a 165 
Imaging parameters 221
Imaging was conducted using a Philips Ingenia 3T Multi Transmit Wide Bore Scanner, with 222 participants wearing a 12-channel head coil. The participantsÕ head was restrained with soft pads 223 to prevent small, unwanted movements from causing artefacts. A strap was used to help 224 immobilize both wrists and forearms to limit the movement of the active hand in order to minimize 225 participant head movement during scanning. A thermo-plastic splint was worn by participants on 226 the active dominant hand during scanning to isolate movement in the digits. High-resolution 227 anatomical images were acquired first (T1-weighted 3D FFE 175 slices 1 × 1 × 1 mm), followed 228 by two eight minute functional studies (T2-weighted (2) motor imagery; (3) action execution; and (4) action imitation. During action observation, 237 participants viewed the finger tapping task and were prompted with a red coloured circle to observe 238 the task but not imagine or execute it. In the motor imagery condition, participants were prompted 239 by a yellow coloured circle to imagine themselves perform the finger tapping task with a still shot 240 of the first hand stimulus image on the screen. In the action execution condition, participants were 241 prompted by a green coloured circle to perform the finger tapping task with a still shot of the first 242 hand stimulus image on the screen. Lastly, in the action imitation condition, participants viewed 243 the sequencing task and were prompted with a green coloured circle to imitate the finger actions 244 as they observed them. All images were displayed from a first person point of view, with a 245 included mirror regions in the pars opercularis of the IFG (BA44: x=-47 y=8, z=6; x=44, y=8, 314 z=21; x=-36, y=14, z=24), supplementary (BA6: x=12, y=2, z=66; x=1, y=6, z=52) and premotor 315 areas (BA6: x=-32, y=2, z=58; x=-42, y=0, z=48; x=36, y=-4, z=56; x=38, y=0.3, z=54; x=41, y=-316 1, z=38; x=-30; y=-5; z=60; x=-16; y=0; z=64), inferior /posterior parietal lobe (BA40: x=-56, y=-317 26, z=36; x=52, y=-30, z=38), and STS (BA21: x=-56, y=-58, z=6). A series of 2×4 mixed 318
ANOVAs were run for each ROI on the percent signal change values extracted from individual 319 participants. As a result of the lack of anatomical maps in children and similar functional data, the 320 ROI analysis was based on established coordinates from adult MNS data (Aziz-Zadeh, Koski, et 321 al., 2006). Although adults do not map on to children perfectly, it was felt that this approach was 322 more accurate and objective than the use of anatomical ROIs. 323 324
Results 325
The final sample consisted of 19 participants (10 DCD; nine controls). The characteristics of this 326 group are presented in Table 1 related activities, which is likely, in part, to explain these group differences. Children with DCD 335 were found to have significantly decreased imitative ability as compared to the control group on 336 both the postural and sequencing praxis, and reduced accuracy levels for the motor imagery task 337 (p < 0.05). 338 The groups were initially collapsed to identify whether cortical areas typically associated with the 346 MNS were activated across conditions. During the observation condition, there were no significant 347 activation clusters compared to the rest condition (visual non-mirror control task). When children 348 imagined themselves performing the task in the action imagery condition (purple in Figure 3) , 349 significant clusters of activation were found in the inferior-, middle-, medial-, and superior frontal 350 gyri, supramarginal gyrus, posterior cingulate, and precuneus. All children reported that they 351 imagined performing the finger tapping task. Furthermore, when children performed the task in 352 the action execution (dark blue in Figure 3 ) and imitation (green in Figure 3 
fMRI whole brain analysis: Group contrasts 364
When group differences were compared individually within each condition > rest, no significant 365 differences were seen between groups in the action observation, motor imagery, or action 366 execution conditions when run at corrected or uncorrected levels. However, in the imitation 367 condition, children with DCD were found to have small clusters of decreased activation compared 368 to controls in the right caudate, thalamus, posterior cingulate, middle frontal gyrus, and precuneus, 369 and left thalamus (uncorrected p < 0.001; Table 3) . 370 371 Group comparisons were also run for the imitation > execution, imitation > motor imagery, and 372 imitation > observation contrasts, to explore regions that were more active when participants had 373 to attend to and move in time with the visual stimuli, as opposed to just executing the movement 374 without prompting visual stimuli, imagining without moving visual stimuli, or just watching the 375 stimuli respectively. A number of uncorrected (p < 0.001) small clusters were identified in all three 376 control > DCD contrasts (Table 4 ). There were no significant clusters for any of the DCD > control 377 contrasts. 378 
fMRI region of interest 386
Using ROI percentage signal change analysis, significant main effects for task condition were 387 observed in mirror neuron regions with a trend for increasing signal activations across the 388 conditions to imitation. Post-Hoc analyses revealed significant within-subject differences with 389 greater activation during the motor imagery, execution and imitation conditions compared with the 390 observation condition in the posterior parietal regions, premotor and supplementary motor areas, 391 and greater activation for motor imagery compared to observation in the pars opercularis. 
Conclusions and future directions 524
At a behavioural level, children with DCD displayed deficits in imitation and motor imagery 525 performance. Given that children with DCD and controls displayed similar activation profiles in 526 MNS regions, it is likely that the performance deficits observed behaviourally stem from 527 dysfunction of other neural networks also supporting these processes. Further research may be 528 beneficial, as it is also possible that the task utilized was too simple to elicits between group 529 differences in the activation of the MNS. This research provides new information about potential 530 underlying mechanisms of DCD, with the findings pointing to deficits in neural areas linked to 531 motor planning and attention. Further fMRI research, in particular the use of motor attention tasks, 532 to explore likely deficits in motor planning and internal forward modeling, and attentional 533 processes, appears to be a promising research direction to increase our understanding of the causal 534 mechanisms of the movement difficulties associated with DCD and potential targeted treatments. 535
Resting state fMRI and dynamic causal modelling to explore effective connectivity between brain 536 regions also has the potential to shed further light on the connectivity of other networks such as 537 the default mode network, salience network and dorsal attention network at rest, as well as during 538 imitation and other movement tasks. 
